INTRODUCTION
A homogeneous and reliable earthquake catalog is highly desirable in seismic hazard studies. This work, the compilation of as complete and homogeneous a main Moroccan earthquake catalog as possible, has been developed in the context of a project to compute the probabilistic seismic hazard in this region. The result shown here is the outcome of fruitful teamwork among several Spanish, Moroccan, and Algerian institutions.
Previous earthquake catalogs that specifically cover this region (e.g. Tadili and Ramdani 1983; Cherkaoui 1986; Benouar 1994) , although employed in seismic hazard assessments (Benouar et al. 1996; Jiménez et al. 1999) , did not span the desirable time interval. Many of them did not include pre-1900 events, i.e., large shocks that occurred in the historical period. Moreover, a real magnitude unification process was not performed.
Our initial goal was to catalog all known events from every available published source for the area between 27° to 37°N and 15°W to 1°E, including the southernmost part of Spain and Portugal and the western region of Algeria. We obtained a uniform catalog, using for this purpose several empirical relationships among reported magnitudes, macroseismic intensity, and moment magnitude. Finally, we removed all dependent events, as well as earthquakes with magnitudes smaller than M W 3.0. The final catalog covers the period from 1045 to 2005 and includes 1,739 mainshocks. It can be downloaded in a selfexplanatory Excel file from the University of Jaén Web site at http://www.ujaen.es/investiga/rnm217/moroccan_catalog.xls.
Tabulated data include agency, origin time, epicenter (coordinates, depth, and location), reported magnitude or maximum intensity and unified magnitude.
TECTONIC FRAMEWORK OF THE REGION
The analyzed region (figure 1) includes the southernmost part of the Iberian Peninsula, the western portion of the Mediterranean Sea (Alborán Sea), the central-eastern area of the Atlantic Ocean, and the northwestern area of Africa (basically Morocco), located in the boundary between the Eurasian and African plates. This zone is tectonically complex, with moderate to large earthquakes mainly associated with the convergence between Africa and Eurasia. This convergence is oblique with respect to the plate boundary, indicating that some right-lateral component of slip has to be accommodated. Indeed, the largest earthquakes show a consistent N-S to NW-SE orientation of P axes, corresponding to the plate convergence direction. This compression coexists with E-W to NE-SW tension in the Betics, Alborán Sea, and northern Morocco. The Alborán Sea is crossed by the Alborán ridge, an important crustal fault that absorbed a great part of the Africa-Europe convergence (Aït Brahim et al. 2002; Michard et al. 2002) .
To the west, this region passes into the complex AzoresGibraltar dextral transform zone, separating the Central Atlantic and the North Atlantic oceanic crusts, in which the Gorringe-Ampère bank is located (Gràcia et al. 2003) . This zone, crossed by NE-SW reverse faults, presents intermediate levels of seismicity. Earthquakes in this zone are probably related to the subduction of the African plate.
In Morocco, three main structural domains can be distinguished (figure 1). From north to south they are the Rif, the Atlas Mountains, and the Anti Atlas. These domains, specially the Rif, together with the Betic Cordilleras, constitute the westernmost end of the Alpine orogenic belt in southern Europe and delimit the Alborán Sea and the Algerian Basin.
The Rif and Betic mountain belts are formed by a common, partially metamorphosed internal zone and two different external zones, mostly formed by sedimentary rocks disposed in complex tectonic nappes. These overturned folds were later affected by large faults with NE-SW (Al Hoceima, Nekor), ENE-WSW ( Jebha) and E-W directions, many of them affecting the whole crust. The depth of many earthquakes included in this area (h > 60 km) has been related to several processes, such as subduction, lithospheric delamination, and detachment or sinking, mainly in the western part of the Alborán Sea (e.g., Platt and Vissers 1989, Blanco and Spackman 1993; Zeck 1996; Seber et al. 1996; Buforn et al. 1997; Mezcua and Rueda 1997; Morales et al. 1999; Calvert et al. 2000; López Casado et al. 2001; Aït Brahim et al. 2002; Michard et al. 2002) .
The Atlas mountains, formed by Paleozoic, Mesozoic, and Tertiary rocks, are bordered by NE-SW (in the middle Atlas), E-W (in the high eastern Atlas) and ENE-WSW (in the high central Atlas) crustal faults. These faults moved during the MioPliocene and the Quaternary with reverse, sinistral, and oblique displacements and are associated with the formation of folds (Aït Brahim et al. 2002) .
To the south of the Atlas, and separated by the faults named above, are the Anti Atlas mountains, formed by a Precambrian basement and a Paleozoic cover. The faults limiting the Atlas and the Anti Atlas continue to the southwest and pass by the Canary Islands. In these sectors there is important volcanic activity, especially in the Canary archipelago.
To the west of the Atlas we find the Moroccan Meseta, formed by Paleozoic rocks. Between the Meseta and the Rif there is the Gharb Basin, constituted by Neogene and Quaternary sediments. Offshore is the continental shelf, the Atlantic margin of Morocco. To the east, the Rif continues to the Tell Mountains and the Algerian Atlas, with some Neogene basins such as the Moulouya Basin. These areas have moderate seismicity.
Recent GPS measurements in Morocco show that the Atlasic and Rifain domains absorb the shortening caused by the Africa-Eurasia convergence. In the Atlas, the shortening is less than 2 mm/year, while in the western part of the Rifain belt, shortening is as much as 4.5 mm/year (Azzouzi et al. 2005) . 
USEFUL SOURCES
As mentioned above, in developing this catalog we investigated and employed all available published sources. We used published data from local and international seismological agencies, covering different time periods and different magnitude scales, and several papers and reports on historical and instrumental seismicity. Most of these papers are related to appraisals of surface and moment magnitudes for several instrumental events in this region. Initially, we had access to the following catalogs: IGN catalog • / Instituto Geográfico Nacional, Madrid, Spain (Mezcua and Martínez Solares 1983; Martínez Solares and Mezcua 2002) . It includes data in digital format until 2005 and is updated periodically. This has been the basic seismic catalog, completed and corrected with the other sources. The quality of this catalog was appreciated during the Ibero-Maghrebian workshop (under the auspices of the European Seismological Commission) in its 1979 meeting in Rabat (Morocco). It was pointed out that this is the most reliable catalog covering the Ibero-Maghrebian area for regional use. Under the auspices and funding of UNESCO, an enormous effort was invested to complete, homogenize, and improve it. Its authors used 131 catalogs (catalogs in the strict sense of the word plus papers on the seismicity of the region) and 313 papers about specific earthquakes (Mezcua and Martínez Solares 1983) . The recent version of the catalog (Martínez Solares and Mezcua 2002) includes pre-1900 moment magnitude reassessments calculated by the Bakun and Wentworth (1997, 1999) method.
The first Spanish seismological station was operative in 1898. At the present time, more than 40 digital broadband stations comprise the main Spanish seismological network, depending on the IGN agency. In addition to the IGN network, several institutions have installed and preserved local and regional networks in the Spanish territory. SPG catalog / • Service de Physique du Globe, Rabat, Morocco (Tadili and Ramdani 1983) . The SPG catalog includes data from 1900 until 1983 and has recently been updated in digital format up to 1999. Before 1966, the event locations are macroseismics (from macroseismic data) or else provided by international organizations. The first seismological station was installed in 1937, and it was not until 1978 that a proper seismological network became available in the Moroccan territory. CRAAG catalog • / Centre de Recherche en Astronomie, Astrophysique et Géophysique, Algiers, Algeria (Mokrane et al. 1994; Yelles Chaouche et al. 2002 . The CRAAG catalog includes data for Algeria from 1365 to 2002; recently it has been updated in digital format up to 2005. The first North Algerian seismological station was installed at Algiers in 1910. Soon after, others were installed at Setif, Beni Abbes, and Oued Fodda. Some of them were in working order until the 1985 installation of the current telemetric seismological network, which includes approximately 32 stations and covers the whole of northern Algeria . We preferred different catalogs depending on the epicenter location. For earthquakes located inside a given seismological network, the prevailing location usually was the one given by that agency. We always gave priority to local agencies (IGN, SPG, and CRAAG) over international agencies (USGS and ISC) .
USGS/NEIC-PDE catalog
In addition to the catalogs, we have used data concerning evaluations and reassessments of moment and surface magnitude from the following agencies and authors:
IGN The papers employed in this work that include magnitude reevaluations are those by Samardjieva et al. (1998) , Bezzeghoud and Buforn (1999) , Badal et al. (2000) , Braunmiller et al. (2002) , Buforn and Coca (2002) , Moratti et al. (2003) , Rueda and Mezcua (2002) , Stich et al. (2003) , Mezcua et al. (2004) , and Rueda and Mezcua (2005) . We must point out the paper by Johnston (1996b) , which included an assessment of the moment magnitude from seismic intensity observations of the 1755 Lisbon earthquake, the most energetic and destructive shock in the region of study (M W 8.7, I max = X) (e.g., Levret 1991; Baptista et al. 1998; Martínez Solares and López Arroyo 2004 ). Johnson's paper placed the Lisbon earthquake on the south flank of the Gorringe Ridge, to the southwest of the St. Vincent Cape. In addition, we want to distinguish the work by El Mrabet (2005), which includes a comprehensive review of the historical seismicity in the Maghreb region. This review has been the main bibliographical source for significant historical earthquakes in the study area.
For magnitudes provided by the previously quoted catalogs and papers, the magnitude preference order was:
BW is the moment magnitude computed from intensity data using the Bakun and Wentworth (1997, 1999) approach.
CONVERTING SIZES TO M W
One of the main goals of this work was to unify magnitudes. Moment magnitude was used as the unifying magnitude because it is the most commonly used magnitude in recent seismic hazard studies. Several empirical relationships between reported magnitudes, maximum intensity, and moment magnitude have been employed. These relationships are the ones considered to be the most reliable after carefully studying all the available magnitude relationships in the scientific literature. In the final catalog, in addition to the unified moment magnitude, the initially reported magnitude has been included. This will allow users to use other types of magnitude to unify the catalog or to use other relationships to calculate unified magnitude if they wish.
The equivalent moment magnitude (M W *), i.e., the final unified moment magnitude, was computed for each set of reported magnitude data from one of several relationships. For M S magnitudes the empirical relationship by Johnston (1996a) between M S and M W was used. For m bLg magnitudes the relationship by Rueda (2002) and Rueda and Mezcua (2002) between m bLg and M W was used. This relationship was developed specifically for the Iberian Peninsula and the surrounding region. In particular, m bLg is the main type of magnitude reported by the Spanish IGN. For m b magnitudes the Johnston (1996a) relationship between m b and M W was used. Where the M L magnitude was reported, we have considered that this value is equal to the moment magnitude in our range of interest, following the criterion by Thatcher and Hanks (1973) , Bakun (1984) , and Heaton et al. (1986) . M L is the main magnitude type reported by the Algerian CRAAG. Where M D was the reported magnitude, as occurs in most earthquakes cataloged by the Moroccan SPG agency, m bLg was initially computed from the empirical relationship by Mouayn et al. (2004) between M D and m bLg . Then, the equivalent moment magnitude was computed from m bLg as stated above.
Finally, where I max was the reported earthquake size, M W * was computed from the empirical relationship between maximum intensity and moment magnitude proposed by Mezcua (2002) for southern Spain. Where I max was the reported size and the epicenter was located offshore, we previously computed the epicentral intensity from I max , using the empirical regionalized attenuation relationships proposed by López Casado et al. (2000) for the Iberian Peninsula and surroundings.
In the final catalog, we employed a key to inform readers about the method used to obtain the equivalent moment magnitude for each event (see table 1).
DECLUSTERING THE CATALOG
After the uniform catalog was compiled, dependent (nonPoissonian) earthquakes were removed; this is necessary in any time-independent seismic hazard assessment. Main algorithms use magnitude to detect dependent events.
In this work, dependent events were identified using the classical sliding-time-and-distance algorithm (windowing routine) proposed by Gardner and Knopoff (1974) . Given an earthquake with a certain M W magnitude, a scan within distance L(M W ) and time T(M W ) was performed for the entire catalog. The largest earthquake found in this search was considered to be the mainshock. The chosen criterion for L and T values was very similar to the one adopted by these authors. For a M W 3.0 earthquake L and T values of 20 km and 10 days, respectively, were used. For a M W 8.0 earthquake, values of 100 km and 900 days, respectively, were used. A logarithmic interpolation was performed between these values to obtain L and T values for a given magnitude.
After this process, the catalog was cut off below magnitude M W 3.0. These magnitudes are not significant for seismic hazard studies. In addition, we cannot be sure about the catalog completeness below this value, even for recent periods.
RESULTS AND CONCLUSIONS
Using this process, we obtained a Poissonian catalog of 1,739 events. They span the years from 1045 to 2005, within a region bounded by 27°-37°N and 15°W-1°E. A map showing the distribution of epicenters is depicted in figure 2 . We can see that the largest density of earthquakes is located: a) offshore, along the Azores-Gibraltar transform zone and the Alborán Sea, and b) onshore, in the Rif mountains in northernmost Morocco and the Tell Atlas mountains, in northwestern Algeria (figures 1 and 2). The two largest earthquakes in the region, the M W 8.7 November 1755 Lisbon and the M W 7.9 February 1969, are located southwest of Cape St. Vincent, at the edge of the Azores-Gibraltar fault. Table 1 shows the earliest (pre-1800) earthquakes included in the catalog and contains seven of the 10 compiled largest events in the region. A file including a complete list can be downloaded from the University of Jaén Web site at http:// www.ujaen.es/investiga/rnm217/moroccan_catalog.xls. In this file the unified equivalent moment magnitude was included, as well as the initially reported size (maximum felt intensity or computed magnitude) by the authoritative reporting agency. This is in deference to those researchers who prefer to unify magnitudes using relationships different from the ones in this work.
The contributing agencies have been the Spanish IGN, with 74.1% of the reported earthquakes in the final catalog, and the Moroccan SPG, with 19.0%. Lesser contributors were the Algerian CRAAG, with 3.4% of the reported earthquakes and the North American NEIC, with 1.3% of cataloged events. The remaining 2.2% of events were collated from the ISC and the various online catalogs mentioned earlier.
Reported earthquakes have systematically had an associated depth since 1964. Most earthquakes are located in the crust (61.6%), but there are a significant number with depths between 30 and 100 km (16.0%). The majority of those with depths between 30 and 100 km are located in the western Alborán Sea (López Casado et al. 2001) . The m bLg 7.0, 1954 Dúrcal earthquake (e.g., Hodgson and Cock 1956; Richter 1958, 415; Chung and Kanamori 1976 ) with a depth of 657 km, the m bLg 4.0, 1973 Lentejí earthquake (e.g., Buforn et al. 1991; Frohlich 1998 ) with a depth of 660 km, and the m bLg 4.8, 1990 Dúrcal earthquake (e.g., Buforn et al. 1991 Buforn et al. , 1997 Frohlich 1998 ) with a depth of 627 km are the deepest earthquakes in the catalog and all are located in Spain. These events are attributed to fractures in a detached fragment of cold and rigid plate that is sinking into the deep mantle (e.g., Platt and Vissers 1989; Blanco and Spackman 1993; Zeck 1996) .
By considering only the shallow earthquakes (h < 30 km) and plotting the cumulative number of events above different magnitudes versus time, we obtained a measure of the catalog completeness. Using this test, we found that the entire catalog is most likely complete in the past 40 years for magnitudes above M W 3.5 with a rate of 10.6 events/year, in the past 100 years for magnitudes above M W 4.5 (1.8 events/year), and in the past 300 years for magnitudes above M W 6.0 (0.07 events/year) (see figure 3) .
We recognize that the compiled catalog has deficiencies. For example, as usual in this kind of work, subjective criteria were occasionally used (relationships between reported earthquake size and moment magnitude, or declustering algorithm and parameters), and it is not as complete and uniform as could be desirable for seismic hazard studies. However, we are confident 3. Computed from intensity data using the Bakun and Wentworth (1997, 1999) approach. that, to date, it is the most complete catalog aimed toward seismic hazard studies that has been compiled for this region. 
